INTRODUCTION
DNA replication in bacteria is controlled at the level of initiation. Bidirectional chromosomal replication from the unique replication origin, oriC, toward the terminus, terC, requires a constant time at a given temperature over a wide range of growth rates, and another constant time period elapses between termination of replication and cell division (C+D rule [16] ). Therefore, the initiation of replication is a key step in the bacterial life cycle. The frequency of initiation determines the overall rate of DNA synthesis (and thus the DNA content per cell), and because of the constant time C+D, this rate is directly related to the frequency of cell division, i.e., the generation time (see reference 65 for a recent review).
The construction of minichromosomes, i.e., plasmids which contain oriC as their only replication origin (40, 67) , has allowed several new analyses: (i) the structure of oriC, (ii) transcription in minichromosomes, (iii) the involvement of defined DNA segments in minichromosome replication, and (iv) the development of an in vitro replication system using oriC templates.
THE REPLICATION ORIGIN IS A COMPLEX REGULATORY REGION
The minimal DNA segment able to promote the replication of a minichromosome was found to be a 245-base-pair segment (43) at positions 22 to 267 in the origin sequence (7) . Within this minimal origin are regions which are highly conserved among the replication origins of several gramnegative bacteria (70) [66] ). Transcription from the mioC promoter is toward the minimal origin. Most of these transcripts traverse the whole origin region, but about 40% are terminated at discrete locations within and close to the left of the minimal origin (18, 48, 49) . In vitro, pausing of RNA polymerase occurs at these termination sites (L. A. Rokeach, G. A. Kassavetis, and J. W. Zyskind, J. Biol. Chem., in press).
Two promoters in the oriC region have been localized by in vitro transcription (33) : ori-pL in the right half of the minimal origin with transcription leftward and ori-PR at the right border of the minimal origin with transcription rightward. Both transcripts are efficiently terminated after 110 to 150 nucleotides (49) (Fig. 1) . The ori-PR transcript is a countertranscript to the mioC transcription. The existence of these origin promoters in vivo was demonstrated by S1 mapping (49 (34) , and binding sites for membrane-related DNA-binding proteins (17, 28) . Truly, this DNA segment is densely packed with regulatory signals.
IN VITRO REPLICATION FROM oriC
The development of a soluble in vitro system for the replication of oriC plasmids was an essential step toward an understanding of the biochemistry of initiation. The crude system consists essentially of a narrow ammonium sulfate fraction of a cell lysate. In this fraction, oriC templates can replicate in a manner that is specifically dependent on DnaA protein, the principal initiation protein of E. coli (13) . Subsequently, a soluble system assembled from purified proteins was introduced (19) .
The purified system allows a staged analysis of the initiation process (4, 26, 42, 62) . An initial complex is formed between the template and DnaA protein, followed by DnaC and DnaB proteins. Addition of single-strand-binding protein and gyrase, in the absence of proteins required for the subsequent steps, results in a DNA structure which is extensively unwound (4) . All of these steps require ATP. Subsequent priming occurs by primase (DnaG protein) or RNA polymerase (or both), and the primers are extended by DNA polymerase III holoenzyme.
This cell-free system does not contain proteins n, n', n", and i, which constitute the 4X174-type primosome (19, 26) , nor are protein n' recognition sites located in the close vicinity of oriC (58) . As suggested by the initial binding of DnaA protein to oriC (26) , DnaA protein functionally replaces the 4XX174-type primosome (52) and allows the assembly of a replication complex which can synthesize both leading and lagging DNA strands (51 RNA primers to DNA (23) . For the DNA strand with the 5' -* 3' orientation pointing leftward, such transitions were found at several positions within the minimal origin, and a few were found outside close to its left border. Several start sites for the complementary rightward DNA strand were found further to the left, as is typical for repeated laggingstrand initiation. Apparently, replication in this system is unidirectionally leftward, which is corroborated by the analysis of early replicative intermediates of chromosomes and minichromosomes by electron microscopy (68, 69) . In all these cases, initiation was synchronized by temperature shifts in a dnaC(Ts) mutant strain. In contrast, without such a synchronization, the in vivo replication of minichromosomes containing oriC and mioC starts bidirectionally from oriC (37) .
In the in vitro system, replication is bidirectional; leftward leading-strand synthesis was found to start within the minimal origin (51) in the same general region in which transition sites were mapped in vivo. However, a more refined analysis, done by mapping nicks which remain unligated at RNA-DNA transition sites in the absence of DNA ligase, revealed two groups of start sites for DNA synthesis for each replication direction in the right half of the minimal origin (close to the HindIll site in Fig. 1 ). These do not coincide with sites mapped so far in vivo (W. Seufert and W. Messer, EMBO J., in press).
Two enzymes are candidates for the synthesis of leadingstrand RNA primers; these are RNA polymerase and primase, primase being the enzyme used to prime lagging-strand Okazaki fragments. In vitro systems can be assembled in which DNA synthesis depends exclusively on RNA polymerase (42) or on primase (62), depending on the concentration of the histonelike protein HU. The system using primase alone, however, is more efficient, and the highest activity is achieved with both enzymes present.
In vivo, transcription by RNA polymerase is essential for initiation (29, 38, 71) . However, it is not known whether this transcription reflects primer synthesis or transcriptional activation. Many termination sites of the mioC transcript in oriC, and probably those of the transcript from ori-pL, coincide with the RNA-DNA transition sites found by Kohara et al. (23) . This finding has been used as an argument that the mioC or the oriL transcript serves as a primer in vivo for leftward leading-strand synthesis (18, 48, 49) . Rightward synthesis might then be primed by one of the rightward origin transcripts.
Chromosomes initiate at a constant cell mass per chromosomal origin (9) . Two types of models have been proposed to explain this basic observation: (i) dilution of an inhibitor below a threshold level due to mass increase (46) and (ii) growth-dependent accumulation of a positively acting initiator (55; see reference 65 for a recent review). The search for such a cellular clock is still a strong motivation for research on DNA initiation.
The mioC gene is translated (14, 24) , but mutations in the mioC coding region have no obvious phenotype (31, 56, 57, 64; Messer, unpublished data). Transcription from the mioC promoter, however, has clear effects on minichromosome replication, as follows. (i) The mioC promoter has a dnaA box in its sequence; it is negatively regulated by DnaA protein (31, 32, 48, 49, 56) and dependent on dam methylation for maximal activity (49) . Both properties are shared by the dnaA promoter (1, 5, 6, 27) , and dam methylation in oriC is essential for minichromosome replication in vivo (39, 54) .
(ii) Initiation of minichromosomes in vitro is preceded by DnaA-dependent repression of transcription only if the mioC gene is present on the template (32) . (iii) Deletion of the mioC promoter or alterations in the -10 region or in the dnaA box result in a reduced copy number of minichromosomes (31, 56, 57; Messer, unpublished results). This is also true if a transcriptional terminator is inserted between the mioC promoter and the minimal origin in the terminating, but not in the reverse, orientation (56) . This copy number effect is not corrected if a heterologous promoter, e.g., the lac promoter, replaced mioCp. Instead, induction of a lac promoter results in a further reduction of the copy number (59) . (Rokeach et al., in press ). Initiation of replication is also influenced by the stringent control system (35, 50) .
All of these observations point to an important regulatory role of mioC transcription. However, minichromosomes have been found to initiate replication at the same time in the cell cycle, i.e., at the same initiation mass, as the chromosome whether or not they contain the mioC gene or its promoter (25, 30, 66) . Recently it was shown that this is true even for minichromosomes which contain only the minimal origin at growth rates faster than 1 generation per h (A. C. Leonard and C. E. Helmstetter, submitted for publication). The minimal origin thus contains all of the target information for the time control of initiation, at least for fast growth rates.
It may be speculated that the time control for initiation and the copy number control of minichromosomes are unrelated. Alternatively, control by mioC transcription may play a role only under conditions where the DnaA protein/origin ratio is unfavorable, e.g., at slow growth rates. A homeostatic control of DnaA protein binding to the minimal origin via transcriptional activation by the mioC transcript has been suggested (49) .
All origins in a cell initiate replication simultaneously within a very short time interval. This is true for chromosomal origins (53) and for minichromosomes (25, 30, 66; 2, 3) . The additional chromosomal replication forks, however, become stalled after a short distance and thus do not result in an increase in cellular DNA concentration (2, 3, 8) , except under special experimental conditions (45) . Since the dnaA gene is autoregulated (1, 5, 27) , additional features, e.g., two forms of DnaA protein, must be present in order for it to serve as a regulatory molecule. The recently discovered ATP-DnaA and ADP-DnaA complexes (26) might represent such forms with different regulatory properties.
CONCLUSIONS
There are too many features, structures, and transcripts and too little of a unifying picture. Despite the wealth of information available, the mechanism which controls the initiation of DNA replication is still largely unknown. Some of the discrepancies may be resolved through the discovery of alternative initiation mechanisms. Constitutive stable DNA replication (see reference 21 for a recent review) is such a mechanism which is completely independent of oriC and dnaA (22) and which is controlled differently than the mechanism described here (63) . Recognition sites for n' protein and the 4X174-type primosome may serve as a backup system if replication complexes which start at oriC become stalled (51) . Another candidate for an alternative replication system is initiation in the absence of dam methylation (39) . Likewise, it may be envisioned that within oriC alternative possibilities exist, that primers may be synthesized by RNA polymerase or by primase, that control can function with or without mioC, that replication is initially unidirectional or bidirectional, etc., depending on the exact conditions. It would certainly be advantageous for cells if such an important event as initiation of replication was safeguarded by a series of alternative and backup systems.
